Biocompatible and biodegradable peptide hydrogels are drawing increasing attention as prospective materials for human soft tissue repair and replacement. To improve the rather unfavorable mechanical properties of our pure peptide hydrogels, in this work we examined the possibility of creating a double hydrogel network. This network was created by means of the coassembly of mutually attractive, but self-repulsive oligopeptides within an already-existing fibrous network formed by the charged, biocompatible polysaccharides chitosan, alginate, and chondroitin. Using dynamic oscillatory rheology experiments, it was found that the coassembly of the peptides within the existing polysaccharide network resulted in a less stiff material as compared to the pure peptide networks (the elastic modulus G 0 decreased from 90 to 10 kPa). However, these composite oligopeptidepolysaccharide hydrogels were characterized by a greater resistance to deformation (the yield strain g grew from 4 to 100%). Small-angle neutron scattering (SANS) was used to study the 2D cross-sectional shapes of the fibers, their dimensional characteristics, and the mesh sizes of the fibrous networks. Differences in material structures found with SANS experiments confirmed rheology data, showing that incorporation of the peptides dramatically changed the morphology of the polysaccharide network. The resulting fibers were structurally very similar to those forming the pure peptide networks, but formed less stiff gels because of their markedly greater mesh sizes. Together, these findings suggest an approach for the development of highly deformation-resistant biomaterials. # 2011 Wiley Periodicals, Inc. Biopolymers 97: 177-188, 2012.
INTRODUCTION
S elf-assembling peptide hydrogels have become increasingly popular materials for tissue engineering, 1,2 drug delivery, 3, 4 and cell culture applications. 5 Flexibility of peptide sequence design and relative ease of synthesis make peptide hydrogels highly tun-able, both chemically and mechanically. Tunability of the peptide building blocks allows for substantial manipulation of bulk material properties. Despite the versatility of peptide hydrogels, these materials remain mechanically weak. Promising methods involving cross-linking by enzymatic oxidation, 6 electrostatic interactions, 7 interplay between hydrophilic and hydrophobic interactions, 8 and disulfide bonds 9 have been used to significantly increase elastic moduli.
In this article, we draw upon another approach commonly used in materials research in order to modify the material properties of peptide hydrogels, by incorporating the fibers of other biopolymers into the peptide fiber network. By designing this composite network, we hoped to create a material with new and/or possibly improved viscoelastic properties. Recently, Hosseinkhani et al. created a scaffold combining a peptide amphiphile with a collagen sponge in order to examine the release of growth factor and the formation of bone in the peptide-collagen scaffolds in vitro and in vivo. 10 Increased strength and sustained release of growth factor, over a period of several weeks, demonstrates some of the promise of hybrid biomimetic scaffolds for drug delivery as well as for tissue engineering purposes.
Here, we propose to design novel biomaterials assembled based upon our earlier approach that involves electrostatic interactions. 11 The polysaccharide portion of the material was assembled from chitosan, alginate, and chondroitin. Previously, we found that the combination of these three polysaccharides resulted in a strong, flexible network formed through the electrostatic interactions of positively charged chitosan with negatively charged alginate and/or chondroitin. 11 The peptide hydrogel portion of the material was comprised of one positively charged oligopeptide and one negatively charged oligopeptide. Based on the discovery that peptides with alternating charged/neutral sequence patterns could self-assemble into hydrogels, 12 we previously developed a modular approach to the engineering of peptidebased hydrogels. [13] [14] [15] Our general design separates positively and negatively charged amino acids into different peptide chains. As a result of the electrostatic repulsions inherent within each peptide module, spontaneous hydrogelation due to slight pH, temperature, and ionic strength changes are avoided. When mixed, the two oppositely charged oligopeptides coassemble into a hydrogel in phosphate-buffered saline (PBS). The polysaccharide networks were premade and then mixed with the oligopeptide pair in solution, so that the polysaccharide fibers could interact and form a network with the oligopeptide pair. Properties of the polysaccharide and peptide fibrous networks were examined as separate materials and mixed together. We hypothesized that since every component in this material is charged, interaction between polysaccharides and oligopeptides is highly likely, thereby increasing the total number of electrostatic interactions in this system and creating a material with new viscoelastic properties.
This study is focused on correlating the structures of separate oligopeptide and polysaccharide networks as well as composite oligopeptide-polysaccharide networks at the nanoscale level to their bulk viscoelastic properties. To this end, dynamic oscillatory rheology experiments probing the mechanical strength, dynamic network characteristics, as well as the brittleness of each material were performed. These experiments were followed by the analysis of structural characteristics of the fibrous networks under study as well as the individual fiber dimensional characteristics using small-angle neutron scattering (SANS).
MATERIALS AND METHODS

Peptide Design and Synthesis
Oppositely charged peptide modules have been designed in accordance with an earlier approach, 13 whereby these coassemble into a hydrogel when mixed due to electrostatic attractions. Both sequences are palindromic, and the N-, C-termini of each peptide module are acetylated (Acetyl-) and amidated (-amide), respectively, to block terminal charges. The positive sequence contains alternating positively charged (lysine, K) and neutral (tryptophan, W; and alanine, A) amino acids, while the negative sequence contains alternating negatively charged (glutamate, E) and neutral (tryptophan, W; and alanine, A):
Positive sequence: AcetylÀKÀWÀKÀAÀKÀAÀKÀAÀKÀWÀKÀamide ðKWKÞ
Negative sequence:
AcetylÀEÀWÀEÀAÀEÀAÀEÀAÀEÀWÀEÀamide ðEWEÞ
Oligopeptides were synthesized on Rink-amide MBHA resin by means of a CEM microwave synthesizer using Fmoc solid-phase peptide synthesis. 16 All amino acids and reagents were dissolved in 100% dimethylformamide. The crude peptides were cleaved by a trifluoroacetic acid (TFA)/TIS/H 2 O (95/2.5/2.5) cocktail for 2 3 2 h, and the side chain protecting groups were removed at the same time. TFA was removed by rotary evaporation under reduced pressure, and then the crude peptides were precipitated and washed twice by cold ethyl ether.
The crude peptides were dissolved in water and lyophilized before purification. Preparative reverse-phase HPLC method was used to purify the crude peptides. In the purification of KWK, solvent A was 0.1% mass fraction HCl in water and solvent B was 0.1% mass fraction HCl in MeOH; in the EWE purification, solvent A was 20 mmol/L NH 4 HCO 3 in water (pH 7.0), solvent B was 20 mmol/L NH 4 HCO 3 (pH 7.0) in MeOH/water (8:2). Chromatographic method of peptide purification: 0-40% B in 0-60 min, 40-100% B in 60-90 min with linear gradient for each segment was performed. The purity of KWK and EWE was verified by reversephase HPLC analysis (see Supporting Information). The solvents used were the same as for the preparative HPLC run. Molecular weights of KWK and EWE were verified by ESI-MS in positive and negative modes, respectively (see Supporting Information).
Purified peptides were dissolved in PBS at pH 7.4. Concentrations of the individual peptide solutions (16 or 32 mmol/L) were determined on the basis of the molar absorptivity of tryptophan at 280 nm (e 280 5 5690 M 21 cm 21 ). 17 All hydrogel measurements were conducted at a final concentration of 8 mmol/L of each peptide.
Materials Used to Prepare Polysaccharide Networks
Low molecular weight chitosan (50-190 kDa, Sigma-Aldrich), alginic acid sodium salt (350-450 kDa, Acros Organics), bovine chondroitin sulfate sodium salt ($20 kDa, Pfaltz & Bauer), hydrochloric acid (HCl, VWR), and ammonium hydroxide (NH 4 OH, Mallinckrodt Baker) were used as purchased.
Dynamic Rheometry
Sample Preparation. Five different samples were prepared and were labeled by their components (C 5 chitosan, A 5 alginate, D 5 chondroitin, P 5 peptides): chitosan 1 alginate hydrogel (CA), chitosan 1 alginate 1 chondroitin hydrogel (CAD), peptide hydrogel (P), chitosan 1 alginate 1 peptide hydrogel (CAP), and chitosan 1 alginate 1 chondroitin 1 peptide hydrogel (CADP). Stock solutions of chitosan, alginate, and chondroitin were made in PBS at 1.5% mass fraction. Chitosan solution also required the addition of 1% mass fraction HCl in H 2 O to dissolve. Stock solutions of both peptides were made in PBS at pH 7.4 at 4.54% mass fraction (32 mmol/L). All sample preparation procedures and measurements were performed at 258C and the final pH for all samples was 7.4.
To prepare the CA network, stock solutions of chitosan and alginate were diluted to 0.5% mass fraction by PBS, and equal volumes (1:1), 200 lL of each diluted solution were mixed together by simultaneous pipetting through a Y-shaped connector into the sealed cell of the rheometer. The measurements of gelation kinetics started immediately after mixing.
To prepare the CAD network, stock solutions of chitosan and alginate were diluted to 0.7% mass fraction by PBS, and after mixing of 143 lL 0.7% mass fraction chitosan with 143 lL 0.7% mass fraction alginate in the rheometer cell through Y-shaped connector, the mixture was allowed to equilibrate for 2 h (time necessary to build up of CA network estimated from the rheology experiments for CA network). Then, 114 lL of chondroitin solution diluted to 0.28% mass fraction (to get 7:1 chitosan/alginate to chondroitin weight ratio) was added to the mixture, immediately followed by rheological monitoring of the incorporation of chondroitin into the CA network resulting in the formation of CAD network.
To prepare the P network, stock solutions of individual KWK and EWE peptides were diluted to 2.27% mass fraction (16 mmol/ L) with PBS buffer at pH 7.4. Diluted solutions of the peptide modules were centrifuged separately for 10 min at 8000 rpm, and 200 lL of each KWK and EWE peptides were mixed through Y-shaped connector in the sealed cell of rheometer, immediately followed by monitoring of the gelation process resulting in the P network.
The procedure for CAP network preparation was similar to the steps used for CAD networks described above. Stock solutions of chitosan and alginate were diluted to 1% mass fraction, and 100 lL of each solution were mixed together in the sealed cell of the rheometer using a Y-shaped connector. After 2 h of equilibration (necessary to mature the CA network), pH of the network was measured and adjusted to 7.4 by addition of very small volumes (several lL) of concentrated NH 4 OH solution. Then, 100 lL of each 4.54% mass fraction (32 mmol/L) KWK and EWE peptides solution were mixed with the matured chitosan/alginate network. Rheological measurements of gelation kinetics were started immediately.
To prepare the CADP network, stock solutions of chitosan and alginate were diluted to 1.33% mass fraction by PBS and 75 lL of each solution were mixed in the sealed cell of the rheometer using a Y-shaped connector. The resulting mixture was equilibrated for 2 h (to get mature CA network), then 50 lL of chondroitin solution diluted to 0.64% mass fraction by PBS was added, and the sample was equilibrated for another 10-12 h (time necessary for maturation of CAD network estimated from the rheology experiments for CAD network). Then, 100 lL of each 4.54% mass fraction (32 mmol/L) KWK and EWE peptides solution were mixed with the matured chitosan 1 alginate 1 chondroitin network. Rheological measurements of gelation kinetics were started immediately.
In all samples, final concentrations for components in each sample were (in % mass fraction): chitosan (0.25%), alginate (0.25%), chondroitin (0.076%), two peptide modules together (2.25% or 16 mmol/L). During the equilibration procedures, mixtures in the sealed cell were covered with parafilm to prevent sample drying.
Rheological Measurements. Dynamic rheological measurements
were performed using a NOVA Rheometer (REOLOGICA Instruments, Sweden) featuring a null balance system that allows for nanotorque and nanostrain measurement control and analysis. The instrument is also equipped with a sealed-cell geometry that prevents dehydration of the water-based samples during prolonged measurements. In addition, to exclude possible dehydration of the sample at 258C, a simple in-house designed system was used to humidify the incoming air used for the sealed-cell. Rheological characterizations of the samples were performed using a 25-mm diameter cone-and-plate steel geometry. Time-sweep measurements were conducted at 0.2% strain amplitude and 1 rad/s angular frequency. The data points were taken once every 180 s after two integrations with 5-s delay time, between the start of application of the respective stress and the start of data acquisition for calculations. This delay is necessary for equilibration of the plate before the torque measurement. After the time-sweep measurements, frequencysweep measurements were conducted at the respective temperatures with 0.2% strain amplitude, while the frequency was varied from 0.01 to 100 rad/s in a log mode with 18 data points per frequency decade. In the frequency-sweep experiment, the number of integration cycles, N c , was varied from 1 to 500. The greater number of integration cycles corresponds to higher frequency values. N c % 1 1 500 3 (x i /x max ), where x i is the angular frequency of the i-th measurement, x max is the maximum angular frequency, and here x max 5 100 rad/s. The delay time between the start of application of the respective frequency and stress and the start of data acquisition for calculations was varied from 65 to 5 s, in reciprocal proportion to the frequency. After the frequency-sweep measurements and before Properties of Mixed Oligopeptide-Polysaccharide Hydrogels the strain-sweep measurements, a time-sweep of 3 h was performed on the gel at 0.2% strain amplitude, 1 rad/s frequency to confirm that the gel remains undisturbed by the frequency-sweep (see Supporting Information). Strain-sweep measurements were then performed with a single integration cycle at 1 rad/s frequency, within the range of strain amplitudes from 0.1 to 100% in a log mode with 23 data points per decade.
Small-Angle Neutron Scattering (SANS)
Sample Preparation. The conditions and procedures for the preparation of the networks for SANS studies were described in the details above for the dynamic rheology. All samples were made inside titanium cells with 1-mm path length and quartz windows 30 mm in diameter, which are routinely used for SANS measurements at the National Institute of Standards and Technology (NIST) Center for Neutron Research (NCNR). For the mixed oligopeptidepolysaccharide networks, the preparation steps and time for equilibration of the intermediate mixtures before the addition of third and/or fourth component were exactly the same as described above for rheological experiments. Since no kinetic measurements were performed using SANS, all samples were prepared at least 72 h before the measurements (time necessary to make CAP and/or CADP networks was estimated from the rheology experiments).
SANS Structural Analysis.
Structures of the networks were investigated using the 30-m SANS instrument (NG-7) at NIST. 18 Monochromatic neutrons at k 5 6 Å with a wavelength spread (Dk/ k) of 0.14 were detected on a 64 cm 3 64 cm two-dimensional (2D) detector. Data on SANS intensity were collected with a Q-range from 0.001 to 0.4 Å 21 at 258C. Q is the scattering vector and is related to the wavelength k and the scattering angle y by
The instrument has pinhole geometry. Scattering intensities were normalized using direct beam transmission measurements and were reduced according to published protocols. 19, 20 Processing of the data was performed using IGOR 6.2/IRENA software 21 to obtain characteristics at the levels of fiber building and packing. To estimate the density of the cross-linking networks in the samples, the Debye-Bueche model 22 was used in the following form:
where L c is the correlation length. The correlation length of a network is a measure of the spatial extent of the cross-linking regions and reflects the average mesh size. A larger correlation length value correlates with a larger average mesh size. 23 Mass-fractal dimensions were estimated using the fractal model (Dr. A. Allen, NIST) implemented in IRENA and described in detail within the program. Fractal analysis is often used to analyze materials that have a repetitive unit, an elementary ''building brick'' that is appropriate for our oligopeptide/polysaccharide systems. Fractal analysis is done in the high-Q region of the I(Q) vs. Q plot. This region corresponds to a range of distances smaller than the size of the scattering objects, so that the scattered neutrons are probing the local structure of the hydrogel network. The fractal dimension (d) in mass-fractal analysis is a number ranging from 1 to 3, and defines the structural characteristics of the ''building brick.'' For instance, d is 1 in the case of stiff rod-like repetitive units; d is 2 for the Gaussian-coil-shaped structures; and d is 5/3 for the swollen Gaussian-coils in a good solvent, whereas a value of 2 or greater corresponds to a degree of branching. 24 Scattering from a mass-fractal is given as
where d is the slope of the LogI(Q) vs. LogQ plot (in the Supporting Information) and B is the prefactor indicative of dimensional characteristics of a repetitive unit reflecting its degree of swollenness.
The networks under study are formed of fibers with one dimension (length) much longer than the other two (cross-sectional dimensions), and the length of the fibers exceeded the resolution limit (Q min ) of the scattering data (in our case Q min $0.001 Å 21 , which means that the maximum length we can reliably characterize is $2000 Å ). Therefore, we analyzed the scattering data in terms of the cross-sectional dimensions of the scattering particles using standard approach of multiplication of I(Q) by Q, thereby essentially removing the information about the length of the scattering particles. 25 We used a simulated annealing algorithm that follows the common approach used for 3D dummy atom shape restoration of the scattering particle. 26 However, we implemented the algorithm in a purpose-written program that is described elsewhere, 27 to model the 2D cross-sectional shape of the fibers under study. In all these calculations, the dummy atoms were arranged on a flat grid of 50 3 100 close-packed dummy atoms. The size of each atom was 5 Å . The program calculated the pair distance or vector length distribution function, P c (r), for the model cross-section composed of the dummy atoms. P c (r) is the distribution of distances between area elements in the cross section, weighted by the scattering density at each radial value, r. The Fourier transformation of P c (r) yields the model scattering profile for cross-section QI mod (Q). In the optimization procedure, the program minimized the discrepancy between the model scattering data I mod (Q) and the experimental scattering data I exp (Q). 27 After optimization, values for zero-angle scattering intensity I c (0), the area of the cross-section S c , maximum cross-sectional dimension D max , and the radius of gyration of the cross-section R c , were determined from P c (r); D max was the r value at which P c (r) goes to 0. The zeroth and the second moments of P c (r) yield I c (0) and R c values, respectively. The radius of gyration of the crosssection R c was the contrast-weighted mean distance of all area elements from the center of scattering density. The program also outputs the model cross-sections as atomic coordinate files in the Protein Data Bank format that allowed their pictorial presentation. Corrections for scaling and incoherent background were applied to the model scattering profile, so it could be compared directly with experimental scattering data. 27 We have also explored three-dimensional morphology of mixed oligopeptide-polysaccharide hydrogels using the program SAXS-Morph. 28 Two-dimensional slices of the hydrogel bulks created by SAXSMorph were then analyzed using the NIH image analysis program ImageJ (see Supporting Information). 29 
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RESULTS AND DISCUSSION
Mechanical Properties of Mixed Oligopeptide-Polysaccharide Hydrogels
Time-sweep rheological monitoring of the gelation kinetics of CA ( Figure 1A) showed that pairing of positively charged chitosan and negatively charged alginate resulted in a very weak material with an elastic modulus G 0 value of only $100 Pa. Although the viscous modulus G @ was lower than G 0 , the value of the phase angle d was still only around 308, which is indicative of a weak hydrogel network. The frequency spectrum ( Figure 1B) suggests that the CA hydrogel is rather mobile showing strong growth in G 0 at higher frequencies due to relaxation, with an evident maximum of G @ at frequencies around 20 rad/s. At the same time, the fibrous network formed by the CA did not show the signs of break, up to 100% strain (c; Figure 1C ). Addition of chrondroitin to CA resulted in the incorporation of chondroitin into the alreadyformed CA network. This is evident from further slow growth in the G 0 value, which within $8-10 h plateaued at $400 Pa (Figure 2A ). The resulting CAD hydrogel was characterized by a smaller phase angle as compared to CA (d $98). However, the frequency spectrum of CAD was very similar to that of CA and is also characteristic of a mobile gel where G 0 is growing at higher frequencies due to relaxation, and a maximum G@ observed around 90 rad/s ( Figure 2B ). Unlike CA, in strain-sweep experiments CAD demonstrated apparent shear-thinning properties (cf. Figures 1C and 2C ). Yet, CAD was very elastic and retained a low phase angle value (d $128) up to c $100% ( Figure 2C ). Gelation of the peptide pair KWK 1 EWE continued for $48 h after mixing and resulted in a fairly stiff hydrogel P with a plateau G 0 $90 kPa ( Figure 3A) . As opposed to both polysaccharide networks CA and CAD, peptide hydrogel P formed a very stable, solid-like material. The observed log G 0 (x) and G @(x) profiles showed a small dependence on the frequency within the studied range from 0.01 to 100 rad/s. This result confirms the formation of a solid-like hydrogel network with little or no mobility at time scales up to t 5 2p/x $600 s, that is, up to the longest measurement duration ( Figure 3B ). Also unlike CA and CAD, P was more brittle (yields at c $3-4%) and completely broke into a very inhomogeneous mass above c $6% ( Figure 3C) .
To incorporate the oligopeptide fibers into the polysaccharide networks, we conducted the gelation process by mixing individual peptide modules KWK and EWE with an already-existing CA network. Interaction of charged peptides with the CA network is evident from the observed growth in the viscoelastic moduli, which in 72 h after addition of KWK and EWE results in a plateau G 0 $10 kPa ( Figure 4A ). The Hyland et al.
resulting composite CAP gel was significantly less stiff as compared to the pure peptide network P (cf. Figure 3A) , and showed a slightly high phase angle, d $178. However, mutually attractive KWK and EWE incorporated into the CA gel markedly stabilized the assembled CAP network. The frequency-sweep ( Figure 4B ) was characteristic of a stable, solid-like material. Similar to the P gel (cf. Figure 3B) , CAP showed little mobility up to 600 s. Unlike the P gel, the presence of CA fibers within the peptide hydrogel network improved the strain resistance of CAP ( Figure 4C ), and made it virtually unbreakable. Even at the highest strain value (c $100%), d still remained around 25-308 (\ 458). The elastic behavior in the composite oligopeptide-polysaccharide hydrogels became even more evident when oppositely charged KWK and EWE peptides coassembled within the already-matured CAD network. After 72 h of gelation, the resulting CADP hydrogel reached the same plateau value of elastic modulus (G 0 $10 kPa) as was observed in the case of CAP hydrogel (cf. Figures 5A and 4A ). However, unlike CAP, CADP demonstrated more profound solid-like behavior characterized by a rather low phase angle, d $58. The frequency-sweep for CADP was similar to that of P and CAP (cf. Figures 5B, 3B, and 4B ) and points to the formation of a very stable, immobile hydrogel. Also, the presence of polysaccharides in CADP hydrogel improved the resistance of CADP to deformation. The strain-sweep (similar to P) became nonlinear at c $3-4%; however, CADP was much less brittle and broke only around c $20% (cf. Figures 5C  and 4C ). At the same time, CADP showed somewhat greater brittleness as compared to CAP.
In summary, the above observations show that incorporation of peptides into the already-existing fibrous networks of polysaccharides results in less stiff hydrogels (characterized by lower elastic moduli) as compared to the pure peptide network. On the other hand, the oligopeptide-polysaccharide composite hydrogels CAP and CADP exhibit much greater resistance to deformation. CAP hydrogels are virtually unbreakable up to $100% strain and are far less brittle as compared to the stiffer peptide hydrogel P. The difference in mechanical properties detected for the oligopeptide-polysaccharide composite hydrogels CAP and CADP as compared to the peptide hydrogel P could be explained by the interactions of oligopeptides with polysaccharides. Indeed, it has been shown that oligopeptides are capable of forming complexes with polysaccharides. 30, 31 Such complexation with polysaccharides could efficiently interfere with the attraction of oppositely charged KWK and EWE and hinder their coassembly and packing into the fibers. This interference could lead to much less stiff CAP and CADP hydrogels as compared to P. 
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Structural Analysis of Mixed Oligopeptide-Polysaccharide Hydrogels Using SANS
The analysis of structural characteristics of the hydrogels using SANS was employed to explore the relationships between the structural characteristics of the fibrous networks at the nanoscale level and the mechanical properties of bulk material formed by such networks.
In the SANS experiments, all five hydrogel networks, CA, CAD, P, CAP, and CADP, showed an increased scattering intensity consistent with the formation of large assemblies (see Figure 6 ). It can be seen in Figure 6 that the composite oligopeptide-polysaccharide hydrogels CAP and CADP (as well as the pure peptide hydrogel P) show much greater scattering intensities as compared to pure polysaccharide networks CA and CAD. Since the scattering intensity profile I(Q) vs. Q reflects the mass and/or volume of the scattering assemblies, this points to the formation of denser, higher scattering aggregates for P, CAP, and CADP consistent with greater stiffness of these hydrogels observed in dynamic rheology experiments (see Table I and also cf. Figures 1-5 ). One might expect that in addition to the density of the fibrous network, the morphology of the individual fiber and its cross-section also influences the material characteristics of bulk networks. Therefore, using a 2D dummy atom modeling routine, 27 we have restored the cross-sectional shapes of the fibers constituting the networks under study with the best fit of scattering data (v 2 \ 1.5). We have also derived the associated pairwise distance distribution functions of the cross-sections, P c (r). From the P c (r) function, the important dimensional parameters of the fiber cross-section were derived such as the maximum cross-sectional dimensions of the fiber, D max , and the radius of gyration of the cross-section, R c (Table I) .
It can be seen from the fiber cross-sections in Figure 7 that the addition of chondroitin (D) to the polysaccharide CA network leads to the incorporation of D into the fiber structure. As a result, the cross-section of the resulting fiber of CAD is bigger and thicker. As compared to CA, the maxi- D max is the maximum dimension of the fiber cross-section in Å ; R c is the radius of gyration of the cross-section of the individual fiber in Å ; L c is the correlation length reflecting the mesh size of the network, that is, the averaged distance between the individual fibers in the network in Å ; d is the mass-fractal dimension defining the repetitive unit of the fiber (its ''building brick''); B is the mass-fractal power-law prefactor describing the dimensional characteristics of the repetitive unit; and G 0 is the elastic modulus of the networks in Pa.
FIGURE 7
Pictorial description of the 2D shapes of a fiber cross-section in polysaccharide and composite oligopeptide-polysaccharide networks. The addition of chondroitin D to CA (chitosan 1 alginate, red) leads to much bigger and thicker fiber CAD (CA 1 chondroitin, green); while the addition of the peptides P (KWK 1 EWE, purple) to the above polysaccharide networks with the formation of CAP (CA 1 P, black) or CADP (CAD 1 P, blue) completely disrupts the structures of polysaccharides and results in the fibers with the cross-section very similar to the pure peptide network P.
Properties of Mixed Oligopeptide-Polysaccharide Hydrogels 185 mum dimension of CAD, D max , increased from 445 to 495 Å , and the radius of gyration of the cross-section R c grew from $153 to $170 Å (Table I) . Incorporation of D into the CA fiber structure is also evident from the changes observed in the P c (r) function of the cross-section ( Figure 8A) . Here, the addition of D results in a significant increase in contributions from the higher vector lengths scales $400 Å . This is consistent with the formation of bigger and thicker fibers evident from the growth in D max and R c when CA is transformed to CAD. One might suggest that this increase in thickness is translated into the greater stiffness of the CAD network as compared to the CA network (G 0 of CAD is fourfold larger than G 0 of CA; see Table I and also cf. Figures 1 and 2) . The individual fiber of the pure peptide hydrogel P, coassembled from KWK and EWE peptide modules, has a much smaller cross-section (see Figure 7 ) with a P c (r) pattern characteristic of highly asymmetrical flattened shapes ( Figure  8B) . Accordingly, the D max and R c values of the P hydrogel are significantly lower as compared to CA and/or CAD networks (Table I) . However, despite smaller dimensional characteristics, the stiffness of the pure peptide hydrogel P is more than $200-fold greater as compared to pure polysaccharide networks CA and CAD (Table I, cf. Figures 1-3) .
In this context, the cross-section dimensional parameters of the individual fiber are by no means the only determinants of the mechanical properties for the bulk fibrous networks. A definitive role is also played by the parameters characterizing the network density, packing, and compactness of the fiber, which reflects its rigidity. SANS analysis allows us to reliably determine the correlation length of the network L c or its mesh size, which is an extremely sensitive measure of the network density and, thus, of its strength. Even a moderate difference in the correlation length might have significant repercussions on the bulk material properties. For the materials described here, P is characterized by a more than twofold smaller correlation length L c as compared to CA and/or CAD (Table I ). This large difference in L c results in a much denser, solid network, which explains the profound strengthening in the elastic modulus G 0 of the P hydrogel (Table I, cf. Figures  1-3 ). Another factor contributing to bulk material properties is the mass-fractal dimension d, which describes the structure of the repetitive unit (''building brick'') of the fiber and the packing of such ''building bricks'' within the fiber. Mass-fractal analysis shows that the pure polysaccharide networks, CA and CAD, are assembled from randomly branched building Hyland et al.
bricks (d values from 2.7 to 3.0, Table I ). These materials are characterized by a much greater degree of swollenness as opposed to the Gaussian-coil building bricks (d $1.6, Table I ) characteristic for the pure peptide hydrogel P. Evidently, the fibers of P are assembled from more tightly packed repetitive units than the CA and/or CAD, which may be why they are characterized by much greater elastic modulus values (Table  I) . Based on the above analysis, when comparing such structurally dissimilar networks-pure polysaccharides vs. pure peptides-the correlation lengths of the networks as well as the packing and compactness of the fibers define the mechanical strength of the bulk material to a far greater degree than the dimensional characteristics of the individual fiber.
In the same vein, one could analyze the formation of the composite oligopeptide-polysaccharide networks CAP and/ or CADP. As seen from Figure 8C ) have a distinctive asymmetrical, flattened shape and are very similar to those observed for the pure peptide hydrogel P. This observation confirms the above conclusion made on the basis of dynamic rheology data that during the coassembly, the charged peptide modules interact with the CA and/or CAD networks. Despite evident structural similarity of the fiber cross-sections of the P, CAP, and CADP networks, the correlation length L c of the composite oligopeptide-polysaccharide hydrogels is significantly greater than in the case of the pure peptide hydrogel P (Table I) . Therefore, the mechanical strength of the composite oligopeptide-polysaccharide hydrogels is significantly lower as compared to the pure peptide network P (Table I, To summarize, the observed high scattering intensity is indicative of the interaction between polysaccharides and/or peptides, resulting in the formation of the fibrous networks. Addition of the oligopeptides to the polysaccharide hydrogels induces complete disruption of the initial polysaccharide fibrous networks. New oligopeptide-polysaccharide hydrogels are assembled and at the level of the individual fiber, such composite networks are structurally similar to the pure peptide hydrogel. Significantly greater mesh sizes of these composite networks lead to much less stiff material as compared to the pure peptide hydrogel. SANS analysis corroborates the suggestion made above on the basis of the rheology data that the weaker fibrous network of the composite oligopeptidepolysaccharide hydrogel is formed due to the complexation between peptide modules and sugar moieties, thus precluding the assembly of stronger, mutually reinforcing networks.
CONCLUSIONS
It is quite reasonable to expect that attempts to create biomaterials needed for human tissue engineering would be based on similar chemical composition of, for example, cartilage, tendons, or ligaments that are formed from proteins and polysaccharides (glycosaminoglycans). In the present article, we aimed to prepare composite hydrogels in which the fibrous peptide networks were combined with the fibers assembled from long, charged polysaccharide structures. In this way, our materials would mimic the chemical and/or structural composition of protein/polysaccharide compositebased human soft tissues. The pure polysaccharide networks (CA and CAD) were very weak materials with low elastic moduli, however, with significant resistance to deformation. Incorporation of the polysaccharides into the oligopeptide hydrogel also resulted in materials (CAP and CADP) with very high resistance to deformation (strain values from 20 to 100%), far less brittle compared to the pure peptide hydrogel P. However, the propensity of the oligopeptides to form complexes with the polysaccharides may be responsible for the significant loss of stiffness of the composite material as compared to the pure peptide hydrogel. Two-dimensional shapes of the individual fiber cross-sections, changes in the dimensional characteristics of the fiber, and the mesh size of the network illustrate the aforementioned interaction between the peptides and sugars. These results also explain the weakening of the composite oligopeptide-polysaccharide material. Our results suggest a novel approach for creating highly deformation-resistant biomaterials. Ways to increase material strength for the purpose of human tissue engineering will be a subject of our continued efforts.
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